Abstract | The recent failure of the T-cell
The HIV epidemic continues unabated. In 2007, there were an estimated 2.5 million new reported cases of infection and 2.1 million HIV-related deaths (see the UNAIDS WHO AIDS epidemic update). This brings the estimated total number of people who have been infected with HIV since 1981 to 58 million, of whom 25 million have died. Although antiretroviral therapy has, since the mid-1990s, transformed the management and prognosis of HIV infection in resource-rich countries, only a small fraction -approximately a quarter (see the AVERT website) -of HIV-infected people in resource-poor countries have access to needed antiretroviral therapy. The demand for an effective HIV vaccine has never been more urgent, and yet in 2007, the first advanced trials of a T-cell-based vaccine were abruptly halted because of lack of efficacy 1 . So, it is an opportune moment to reflect on what is currently known about the immune responses that can successfully control HIV replication, the extent to which data from studies of non-human primates infected with simian immunodeficiency virus (SIV) can be extrapolated to infection of humans with HIV, and what the prospects are for a successful HIV vaccine in the future.
This Review focuses on the central role of MHC class I alleles in the control of immunodeficiency virus replication. It is striking that, in a recent wholegenome association study of key determinants for host control of HIV-1, the six most highly significant protective determinants were within the MHC region 2 . We review the central role of CD8 + T cells in the control of HIV and SIV replication, the evidence that the impact of MHC molecules on HIV and SIV disease is substantially mediated by the particular epitope peptides presented by different MHC class I molecules, and describe the pre-eminent role of MHC-B alleles and CD8 + T-cell activity directed against the viral protein Gag in the control of HIV and SIV replication. We examine aspects of the effectiveness or dysfunctional nature of CD8 + T-cell activity in HIV infection that are unrelated or indirectly related to specificity of the response. Finally, we address the question of whether HIV is able to adapt to HLA alleles that are currently associated with control of the virus, and the prospects for a successful T-cell-based vaccine against HIV in the future.
Role of CD8
+ T cells in control of HIV replication During acute HIV infection in adults, the increase in viraemia to a peak of ~10 7 HIV RNA copies per ml of plasma 3 is followed by a marked decline over a few weeks to a median viral setpoint of 30,000 HIV RNA copies per ml of plasma 4 . The temporal association observed between this 10 2 -10 3 -fold decrease in viral load and the appearance of HIV-specific CD8 + cytotoxic T lymphocyte (CTL) responses 5, 6 suggests that CTLs may be responsible for reducing the levels of virus at this stage of infection. More direct evidence for the role of CTLs in mediating the decline in viraemia during acute infection has come from studies of the SIV-macaque model in which administration of CD8-specific monoclonal antibodies abrogated the decline in viraemia from its peak level [7] [8] [9] . Short-term infusions Nature Reviews | Immunology 
MHC class I tetramers
Soluble tetrahedral complexes artificially generated by using a fluorochrome-coupled avidin to join four biotinylated MHC class I molecules with a peptide of interest and β 2 -microglobulin. The resulting MHC class I tetramers can be used as reagents to identify antigen-specific CD8 + T-cell populations.
of CD8-specific monoclonal antibodies in animals with chronic SIV infection led to increased viral load in those animals in which SIV-associated disease progressed rapidly ('progressors') and in those that controlled the disease ('controllers'; also known as long-term nonprogressors) and also simultaneously reduced the numbers of SIV-specific CD8 + T cells being monitored using peptide-MHC class I tetramers 7, 10, 11 . Three additional lines of evidence support the central role of CD8 + T cells in the control of HIV infection. First, specific HLA class I molecules are consistently associated with particular HIV disease outcomes (see later). Second, more rapid disease progression is observed in individuals with HLA class I homozygosity 12, 13 . Third, the selection of particular viral mutants that escape CD8 + T-cell recognition are temporally associated with loss of immune control of infection. Set against these findings are the observations that high-frequency HIV-specific CD8 + T-cell responses are usually detectable in HIV-infected individuals who have developed AIDS 14, 15 , that the majority of HLA class I alleles seem to have little impact on the disease outcome of HIV infection 16 and that most selected viral escape mutants do not significantly affect viraemia 17 . Taken together, these studies lead to the conclusion that there are differences among CD8 + T-cell specificities and among HLA class I molecules that are crucial for effective control of HIV replication in different individuals. This gives rise to the hypothesis that the HLA class I associations with characteristic disease outcomes from infectious diseases such as HIV largely result from the CD8 + T-cell responses against the particular pathogen-specific peptides that are presented by the different HLA class I alleles. Support for this hypothesis in relation to HIV and SIV is presented in the next sections.
The significance of MHC class I polymorphism The human MHC region, located on the short arm of chromosome 6, is central to the immune response, as it encodes proteins that help to distinguish between self and non-self protein components. Of the three MHC class I loci in humans (HLA-A, HLA-B and HLA-C), HLA-B is the most polymorphic, with 817 different HLA-B molecules described, compared to 486 distinct HLA-A and 263 distinct HLA-C molecules (see the IMGT/HLA database). Indeed, HLA-B is the most polymorphic locus on chromosome 6 and in the entire human genome 18 . Differences in the frequency of various HLA-B alleles in selected populations worldwide are shown in FIG. 1 to illustrate the extraordinary diversity of distinct human populations with respect to HLA allele expression.
Almost all of this extensive HLA class I polymorphism is restricted to those residues that line the peptide-binding groove of these molecules 19 , thereby defining the peptides that bind to each HLA molecule. The significance of HLA class I polymorphism is that the differences among the various HLA molecules and the peptides they present are of sufficient functional importance to be subject to Darwinian natural selection: in short, these differences are a matter of life and death. Seemingly insignificant, single amino-acid differences between closely related HLA alleles may have crucial consequences in terms of outcome from particular infections. In the setting of HIV infection, examples include the association of HLA-B*3502 and HLA-B*3503 with rapid disease progression, and a lack of any such association for HLA-B*3501, which differs from HLA-B*3502 and HLA-B*3503 by only three and one amino acid, respectively [20] [21] [22] . These small changes would be expected to affect the binding of the C-terminal amino acid of the peptide to the F pocket of the HLA molecule: the preferred residue for binding to the F pocket of HLA-B*3501 is tyrosine 23 , whereas a smaller hydrophobic residue is preferred for binding to the F pocket of HLA-B*3502 and of HLA-B*3503 (ReFS 19, 22) . This therefore affects the binding of peptides such as the HLA-B*3501-restricted epitope of Gag p24, PPIPVGEIY (Gag residues 254-262), to HLA-B*3502 and HLA-B*3503. The observed differences in Gag-specific CD8 + T-cell responses between HLA-B*3501-, HLA-B*3502-and HLA-B*3503-positive study subjects 24 are therefore not unexpected, and if Gag is an important target for immune control of HIV 17 , such HLA differences may be of crucial importance. In a more extreme example, a study of HIV infection in Durban, South Africa, found a strong association between HLA-B*5801 and low viral load, whereas HLA-B*5802, which differs from HLA-B*5801 by three amino acids, was associated with high viral load 16 . Again, these few differences between apparently closely related HLA class I molecules translate into substantial differences in peptide-binding specificity 19 .
Scrutiny of the peptides presented by superficially similar HLA class I molecules invariably reveals subtle but important differences. One study of five closely-related HLA alleles within the HLA-B7 supertype (HLA-B*0702, HLA-B*3910, HLA-B*4201, HLA-B*4202 and HLA-B*8101) demonstrated that, even when an identical peptide is presented by distinct alleles, different selection pressure can be imposed on the virus 25 . As described above, this result should not be unexpected because the very existence of HLA class I polymorphism is strong evidence that meaningful differences in disease outcome result from it.
The HLA class I alleles that have been identified consistently to have a significant impact on the rate of disease progression, or on viral setpoint (which is strongly predictive of the rate of disease progression 16, [26] [27] [28] [29] [30] [31] [32] [33] [34] ) are shown in TABLe 1. MHC class I molecules that are associated with successful control of SIV infection, as shown in studies of the SIV-macaque model of HIV infection, are also included [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . It is evident that in HIV infection, HLA-B molecules have the strongest impact on viral setpoint compared with HLA-A and HLA-C molecules 16 for reasons that remain unclear. A more diverse selection of peptide-binding motifs is offered by HLA-B alleles compared with HLA-A alleles, as illustrated by the residues at position 2 (P2) of the 100 optimally defined HIV epitopes that were most strongly targeted by CD8 + T cells in a recent large population-based study 17 (FIG. 2) . In particular, proline is frequently an anchor-binding residue at P2 in HLA-B-binding peptides, which also include peptides with charged residues at P2. It is noteworthy that Mamu-B*08 and Mamu-B*17, two rhesus macaque MHC class I alleles that are associated with the control of SIV replication 36, 37, 40 , have peptide-binding motifs that in some respects resemble those of the two HLA class I molecules most consistently associated with control of HIV infection, HLA-B*27 (which binds peptides with an arginine at P2) and HLA-B*57 (which binds peptides with a tryptophan at the C terminus), respectively 19 . Indeed, the eight currently known Mamu-B*08-restricted CD8 + T-cell epitopes fit the peptide-binding requirements defined for HLA-B*27 (ReF. 48) , and peptides that bind to HLA-B*27 also bind to Mamu-B*08 with high affinity (J. T. Loffredo, unpublished observations). Interestingly, most of the HLA-B*27-and Mamu-B*08-restricted T-cell responses are directed towards peptides with two arginine residues at the N terminus (that is, at P1 and P2). It has recently been suggested that peptides with di-basic N termini are resistant to peptidase degradation, thereby increasing their intracellular half-lives. So, fewer molecules of the target antigen may be required to generate the necessary HLA-B*27-and Mamu-B*08-bound peptides to trigger CTL recognition and responses.
Despite the homology between SIV and HIV, there are no viral epitopes that are common targets of the CTL response in both HLA-B*27-positive humans and Mamu-B*08-positive macaques. However, the Gag epitope TSTLQEQIAW (which is abbreviated as TW10 and corresponds to the Gag amino acids 240-249) is the main target of the acute CD8 + T-cell response in HIVinfected subjects who have HLA-B*57 or HLA-B*5801 and is very similar to the SIV homologue (SSVDEQIQW, Gag 241-249) presented by the Mamu-A*90120-5 class I molecule, which is also associated with control of SIV in Burmese macaques 42 . The Gag epitope KAFSPEVIPMF (KF11, Gag 162-172), which is the dominant focus of the CD8 + T-cell response in HLA-B*57-positive subjects with chronic HIV infection 17 overlaps with the SIV epitope KKFGAEVVP (KP9, Gag 162-170) presented by Mane-A*10, an MHC class I molecule that is associated with the control of SIV infection in pigtail macaques 46, 47 . So, certain MHC class I molecules associated with the control of HIV replication in humans and SIV replication in macaque models can have similar or dissimilar peptide-binding motifs that nonetheless enable peptides from the same regions of particular viral proteins to be targeted by CD8 + T cells.
HLA-B*27/57 control of HIV replication
The first evidence that specific HLA class I alleles could influence the outcome of HIV infection came from studies of HIV-infected HLA-B*27-positive individuals who mounted strong CTL responses against the immunodominant epitope, KRWIILGLNK (KK10, Gag 263-272) 34, 35, 49, 50 . HIV-infected individuals expressing HLA-B*27 who responded to this epitope showed control of viraemia, whereas those not responding to this epitope, or whose response declined following the Figure 2 | Diversity of amino acids at position 2 in optimal peptides that bind HlA-A, HlA-B and HlA-C. Amino acids have been grouped into the following categories: amino acids with hydroxyl-containing side chains (Thr, Ser); smallto-medium sized hydrophobic residues (Gly, Ala, Val, Leu, Ile, Met); amino acids with a cyclic side chain (Pro); amino acids with aromatic side chains (Phe, Tyr, Trp); amino acids with acidic side chains (Asp, Glu); amino acids with basic side chains (His, Lys, Arg); amino acids with amide side chains (Gln). Peptides that bind to HLA-A alleles are almost exclusively restricted to those that have hydrophobic or hydroxyl-containing residues at position 2, whereas HLA-B-binding peptides include these and peptides with proline, charged residues or glutamine at position 2. HLA-C-binding peptides are less diverse than HLA-B-binding peptides, but they are more closely related to HLA-B than HLA-A in their peptide-binding motif. Data taken from ReFS 17,117.
SHIV89.6P
A virus that has the backbone of SIVmac239 with the envelope of HIV and which has been used to test T-cell-based vaccines. It is relatively easy to protect against.
SIVsmE660
A swarm virus that is heterologous to the SIVmac239 virus and has been used as a heterologous challenge in macaques vaccinated with SIVmac239-based sequences.
Replicative capacity
A measure of the ability of a virus to replicate under standard conditions, such as in an in vitro-assay system that compares, for example, the virus under study with a laboratory-adapted strain.
Viral fitness
Viral fitness is context specific, and refers to the relative ability of a virus to replicate under particular conditions, such as those that occur when the immune response or antiretroviral therapy is acting on the virus.
In vitro competition assays
Comparison of the replicative capacity of two different HIV viruses is achieved most effectively by infection of target cells by both viruses simultaneously and determination of the relative proportions of the two competing viruses over time.
SIVmac239
A cloned virus used for pathogenesis and challenge studies. It is a rigorous challenge that is difficult to protect against.
selection of viral escape mutations within the epitope, typically had a high level of viraemia 34, 35, 50 . Similarly, in the SIV macaque model, Mamu-A*01-positive animals show some measure of control of SIV replication after immunization with Gag-containing vaccines 51 . The dominant CD8 + T-cell response against the capsid protein epitope CTPYDINQM (CM9, Gag 181-189) in Mamu-A*01-positive macaques after infection with SIV might have a role, albeit minor, in the control of viral replication in naive Mamu-A*01-positive macaques 41, [52] [53] [54] [55] . Mamu-A*01-positive animals 'primed' with a DNA vaccine and 'boosted' with a recombinant-adenovirusbased vaccine encoding Gag (DNA/Ad5Gag) typically show lower viral loads following infection than unvaccinated, infected Mamu-A*01-positive macaques 51 . In one Mamu-A*01-positive animal infected with SHIV89.6P, the CM9-specific CTL response disappeared in association with the emergence of viral escape mutations in the CM9 epitope and resulted in rapid progression to disease 56 . Furthermore, the emergence of viral escape mutations in this epitope correlated with disease progression in SIVsme660-infected macaques 57 . However, the picture is more complex than this: many Mamu-A*01-positive macaques experience high viral loads after SIV challenge but show no evidence of escape mutations in the CM9 epitope; and virus breakthrough after the transient control in DNA/Ad5Gag-vaccinated Mamu-A*01-positive macaques is not related to escape from the CM9-specific response 58 . These data suggest that CD8 + T-cell responses to the KK10 and CM9 epitopes can make important contributions to the control of HIV and SIV replication under certain conditions.
The striking feature of the emergence of viral escape mutations in the KK10 and CM9 epitopes is that it occurs late in the course of infection 34, 50, 56 . The hypothesis that crucial escape mutations might be costly in terms of viral replicative capacity is supported by studies of viral escape in individuals with HLA-B*57. In these individuals, in contrast to what had been observed following escape mutations in the KK10 or CM9 epitopes, escape mutations in the TW10 epitope that is targeted in acute infection do not result in rapid progression to AIDS. In general, HLA-B*57-and HLA-B*5801-positive subjects infected with a virus that has the common T242N mutation in TW10 tend to maintain low viral loads 59 . The observation that the virus with this T242N mutation was transmitted to HLA-B*57-and HLA-B*5801-negative individuals and then reverted to the wild-type sequence indicated that this mutation confers a cost to viral fitness in vivo in the absence of the selecting HLA alleles 59 . In vitro competition assays confirmed the negative effect of the T242N mutation on viral replicative capacity 60 . Similar observations were made with respect to the T182A escape mutation in the CM9 epitope, in that this mutation abrogated in vitro viral replication when engineered into cloned SIVmac239 in the absence of other mutations that compensate for the cost to viral fitness 61, 62 . Similar to the R264K escape mutation in the HLA-B*27-restricted epitope KK10, which seems to precipitate progression to AIDS 34, 50 , the T182A mutation in the Mamu-A*01 epitope CM9 only arises in vivo in the presence of multiple compensatory viral mutations, which might explain why these occur late in the course of infection 63, 64 . In individuals in which the T242N mutation in the TW10 epitope arises early in the course of infection, compensatory mutations in the virus have been described 59, 60, 65 but these emerge later on. Following the escape mutation in TW10, as mentioned above, the immunodominant T-cell response in chronic infection then targets the HLA-B*57-restricted Gag epitope KAFSPEVIPMF (KF11, Gag 162-172). Recent studies in HLA-B*5703-positive study subjects in KwaZulu-Natal, Durban, South Africa, show that the escape mutation A163G in KF11 confers a fitness cost to the virus that is partially compensated for by the S165N substitution that subsequently arises 66 . These studies prompt the hypothesis that HLA-B*57 is strongly associated with the control of HIV replication, above all other alleles, because it presents several Gag epitopes. Viral escape from CD8 + T-cell responses against these epitopes reduces viral replicative capacity.
It is of note in this context that the Mamu-A*90120-5-positive Burmese macaques, which control SIV replication so successfully, also show strong T-cell responses to three Gag epitopes that are presented by the same Mamu-A*90120-5 MHC class I allele [42] [43] [44] [45] . Escape mutations in these three Gag epitopes result in an incremental reduction in viral fitness with the increasing number of mutations. Likewise, control of SIV replication in pigtail macaques is described following early selection of an escape mutation in the Mane-A*10-restricted Gag epitope KP9 that similarly results in a substantial reduction in viral replicative capacity 46 . A notable exception for this is Mamu-B*08, for which there are few Gagderived epitopes, and the immunodominant responses in Mamu-B*08-positive animals that control SIV infection successfully are mainly directed towards epitopes in the viral proteins Vif and Nef 36 . Despite this observation, results from studies of MHC class I molecules associated with control of immunodeficiency virus replication suggest that the targeting of Gag epitopes by CD8 + T cells can result in immune control of viral replication. Subsequent viral escape from these responses may confer a fitness cost to the virus (FIG. 3) .
Control of HIV by HLA-B-Gag-specific responses
Numerous studies have now been carried out to address the question of whether the protein specificity of the HIV-specific CD8 + T-cell response is related to successful immune control. One of the earliest was a prospective study of 38 asymptomatic HIV-infected subjects that showed that a Gag-specific, but not an Env-specific, CD8 + T-cell response was protective against disease progression 67 . Eight other crosssectional studies 17, [68] [69] [70] [71] [72] [73] [74] showed an association between control of immunodeficiency virus infection and Gagspecific CD8 + T-cell responses. An association between Nef-and Env-specific CD8 + T-cell responses and lack of successful immune control was observed in some studies 17, 72 . An analysis of 578 subjects in KwaZulu-Natal with chronic HIV infection showed that, irrespective of HLA type, an increasing number of Gag-specific responses correlated with decreasing viral load; such a correlation was not observed for non-Gag-specific responses 17 . A study of the CD8 + T-cell responses in acute HIV infection similarly showed that Gagspecific T-cell activity early in the course of infection was associated with long-term control of HIV replication 75 . So, a strong consensus that is emerging from these studies is that in HIV infection, Gag-specific but not non-Gag-specific CD8 + T-cell responses in acute and chronic infection are associated with long-term control of HIV infection.
Why are Gag-specific T-cell responses important?
The possible reasons for Gag being of such apparent importance have been alluded to earlier, namely, that Gag is highly immunogenic, but also very conserved in sequence
, and hence mutational escape can often result in a reduction of viral replicative capacity. In support of this hypothesis are the studies (described earlier) of immune control following early escape mutations in Gag. In addition, in a recent analysis of 681 chronically infected study subjects in KwaZulu-Natal, the number of Gag-specific amino-acid polymorphisms associated with each HLA-B allele strongly correlated with the median viral load of individuals expressing that allele 117 . Importantly, however, this correlation was driven purely by Gag mutations that are likely to revert to the wild-type sequence post-transmission; that is, those that inflict a fitness cost to the virus. These data support an earlier, epitope-specific study 76 and suggest an explanation for the well-described association between particular HLA-B molecules and characteristic rates of progression to HIV disease (TABLe 1) . Therefore, it is not just the number of Gag epitopes presented by each allele that is important, but also the ability of the Gag-specific CD8 + T-cell response to drive the selection of escape mutations that have an impact on viral replication. It is noteworthy that this relationship applies predominantly to HLA-B alleles and Gag-specific responses. 
HIV protein

Bw4 motif
The amino-acid sequences at positions 77-83 in the α 1 domain of the HLA class I heavy chain. There are four Bw4 motif sequences, which differ only at positions 77 (asparagine, aspartate or serine) and 80 (isoleucine or threonine). The Bw4 motif is involved in the recognition of certain HLA alleles by killer immunoglobulin-like receptors.
A complementary study carried out in a cohort of study subjects with acute HIV infection in Zambia 77 showed that reaching the viral setpoint early in the course of infection was strongly related to the number of mutations in HLA-B-restricted Gag epitopes in the transmitted virus. The implication from this and a similar study undertaken in South Africa 78 is that an increasing number of Gag mutations decreases viral replicative capacity, which is supported by studies of the SIV-Burmese-macaque model (referred to earlier) [42] [43] [44] [45] . A recent longitudinal study of HIV-infected individuals showed that decreasing viral replicative capacity over the course of the infection is associated with slow progression to disease, although in this case this was not attributable to epitope mutations in Gag 79 .
A second reason why Gag may be an important target for CD8 + T cells is that Gag-specific CD8 + T cells may be able to recognize and kill virus-infected cells sooner after infection than non-Gag-specific CD8 + T cells can. Recent studies show that Gag-specific CD8 + T cells recognize SIV-infected targets within 2 hours of infection, whereas Tat-, Env-and Nef-specific CD8 + T cells only recognize virus-infected target cells following de novo synthesis of viral proteins 80, 81 . The significance of this is that Gag-specific CD8 + T cells have a window of approximately 10 hours between expression of Gag on the cell surface and the impact of newly synthesized Nef-mediated downregulation of MHC class I molecules 80 . It is of interest that the same investigators showed that Pol-specific CD8 + T cells also recognize SIV-infected cells within 2 hours of infection and can eliminate virusinfected cells by 6 hours post-infection, before MHC class I downregulation 81 . Pol might therefore be an important target for vaccine design, although it seems to be less important in natural infection. A potential explanation for the difference in importance between Gag and Pol in natural infection is the 20-fold higher level of expression of Gag compared to Pol 82, 83 , the large amount of Gag within mature virus particles (1,000-1,500 capsid molecules in each mature virion) 84 and the consequent immunodominance of Gag-specific responses in most subjects who show effective control of HIV replication.
Why are HLA-B-restricted T-cell responses important?
The explanation for the central role of HLA-B, compared with HLA-A and HLA-C, in the control of HIV replication is even less clear. One possibility relates to the fact that natural killer (NK) cells express killer immunoglobulinlike receptors (KIRs) that recognize MHC class I molecules 85 . It has been noted that the HLA class I alleles that are most strongly associated with control of HIV are those that contain the Bw4 motif (a ligand for KIRs), and it is becoming increasingly clear that certain combinations of HLA-B alleles (those Bw4-motif-positive
Box 1 | Viral proteins
The viral antigen Gag is not a single protein but comprises: the matrix protein Gag p17, which functions in targeting Gag to the plasma membrane and in nuclear localization of the viral genome; the capsid protein Gag p24, which forms the central conical core of HIV that encapsulates the viral accessory and regulatory proteins (Vif, Vpr, Vpu, Nef, Tat and Rev), the Pol proteins (protease (Pro), reverse transcriptase (RT) and integrase (Int)), and the two copies of viral RNA that are complexed with another Gag protein, Gag p7 (the nucleocapsid; a product of p15 cleavage). In addition, there are the smaller Gag proteins, p6, p2 and p1.
The viral proteins synthesized early in the viral life cycle are Nef, Tat and Rev. However, recent data indicate that incoming virus carries sufficiently abundant amounts of Gag and Pol so that these proteins can be processed directly by antigen-presenting cells, and epitopes derived from them can then be presented by MHC molecules to T cells. So, Gag and Pol epitopes can be recognized by cytotoxic T lymphocytes (CTLs) some time before de novo synthesis of Nef and other viral proteins. This may be particularly important because Nef downregulates the expression of MHC class I molecules (HLA-A and HLA-B, but not HLA-C), thereby making virus-infected cells more difficult for HLA-A-and HLA-Brestricted CTLs to recognize and kill. In a single virus particle, Gag is present at approximately 20-fold higher levels than Pol. Gag (495 amino acids) is also the most immunogenic of the HIV proteins, followed by Pol (1,001 amino acids) and Nef (206 amino acids). The most conserved (that is, which shows the least sequence variability in viruses isolated from different infected individuals) HIV proteins are p24 Gag (capsid) and the Pol proteins (see figure) . Nef is relatively variable and Env (gp120) is the most variable protein. The best examples of selected mutations that reduce viral replicative capacity arise in the conserved proteins: p24 Gag (CTL escape mutations) and RT and protease (antiretroviral-drugresistant mutations). Although there are conserved regions in all the HIV proteins, it is more likely that escape mutations in variable proteins, such as Nef or Env, would result in minimal cost to the virus. Data in the figure are taken from ReF. 17 and feature 410 18mer peptides spanning the HIV clade C proteome.
Linkage disequilibrium
The non-random association of alleles from two independent loci, owing to their close physical proximity and a lack of recombination between them.
alleles that have an isoleucine at residue 80) and KIR allotypes (the activating receptor KIR3DS1 or high expression of the inhibitory receptor KIR3DL1) are associated with slower progression to HIV disease 85 . However, it is also evident from these analyses that the association of HLA class I alleles, such as HLA-B*57 and HLA-B*27, with control of viraemia is independent of KIRs, although interactions of these and other HLA-B alleles do have important additional consequences for viral setpoint 86 . A second possibility is that HLA-B-restricted CD8 + T-cell responses are more polyfunctional (on the basis of cytokine production and proliferative capacity) than HLA-A-or HLA-C-restricted T-cell responses, even when the same peptide is presented 87 . Why this might be the case remains unclear, and this does not provide an explanation for why HLA-B alleles such as HLA-B*3502 or HLA-B*5802 are associated with high viral setpoints. It is clear that a greater diversity of peptides can be presented by HLA-B compared with HLA-A alleles (FIG. 2) , and it could be that, by chance, the alleles presenting the most Gag epitopes are likely to be HLA-B alleles 88 .
Is HLA-C unimportant? The role of HLA-C-restricted CD8 + T cells remains obscure. In a genome-wide association study of key determinants of host control of HIV-1, the two strongest determinants were a polymorphism (rs2395029) in complete linkage disequilibrium with HLA-B*5701, explaining 9.6% of variation in viral setpoint and a polymorphism (rs9264942) in the region of the HLA-C locus, explaining 6.5% of the variation in viral setpoint 3 . The HLA-C polymorphism is strongly associated with differences in expression of HLA-C alleles, higher expression being associated with lower viral setpoint. However, it is uncertain whether this HLA-C-related effect is mediated by a gene in linkage disequilibrium with the identified polymorphism, as is the case for HLA-B*5701. The potential role of HLA-C in low viral setpoint has previously been raised following the finding that Nef-mediated downregulation of MHC class I molecules only applies to HLA-A and HLA-B alleles 89 , suggesting a mechanism by which HIV could evade both CD8 + T-cell responses (by downregulation of HLA-A and HLA-B expression) and NK-cell activity (by lack of downregulation of HLA-C expression). Although HLA-C-restricted CD8 + T-cell responses represent a relatively small minority -approximately 12% -of the total number of HIV-specific CD8 + T-cell responses 17 , there is evidence that some HLA-C alleles are associated with lower levels of viraemia independent of linkage disequilibrium with HLA-B alleles (A. J. Leslie, unpublished observations), and that, similar to HLA-B alleles, these HLA-C associations with particular viral setpoints are related to the selection of escape mutations that inflict a fitness cost on the virus 76 .
Polyfunctionality of effective CD8 + T cells Alternative or additional features of CD8
+ T-cell responses that explain distinct rates of HIV disease progression are qualitative differences that are unrelated to T-cell specificity. The crucial role of HIV-specific CD4 + T-cell activity has been highlighted 90, 91 , as has the presence of polyfunctional CD8 + T cells that are capable of producing not only interferon-γ following contact with the cognate-peptide-MHC complex, but also other cytokines, such as interleukin-2, chemokines, such as CC-chemokine ligand 5, which is capable of blocking viral entry through the HIV co-receptor CC-chemokine receptor 5, granzymes and perforin, which are capable of mediating cytotoxicity, and other factors that are capable of inducing proliferative activity 92, 93 . Typically, HIV-specific CD8 + T cells from infected individuals who have low viral loads are polyfunctional and can carry out most or all of these effector functions. Conversely, HIV-infected subjects with high viral loads tend to have HIV-specific CD8 + T cells that are capable of few of these normal effector functions and, at the extreme of the spectrum, their dysfunctionality might be reflected by the expression of PD1 (programmed cell death 1), a marker of T-cell exhaustion [94] [95] [96] [97] . Similar to CTLA4 (cytotoxic T-lymphocyte antigen 4), PD1 is a member of the B7-CD28 family of immunoregulatory molecules, the expression of which is designed to prevent overactivation of the immune response and consequent autoimmunity. PD1 is expressed at particularly high levels by HIV-specific CD8 + and CD4 + T cells, the level of expression being directly related to viral load and inversely related to absolute CD4 + T-cell numbers. Similarly, CTLA4 is expressed at high levels by HIV-specific CD4 + T cells 98 . Blockade of the PD1 pathway through the use of antibody against PD1 ligand 1 (PDL1), and blockade of the CTLA4 pathway through the use of a CTLA4-specific antibody, demonstrates the reversibility of these defects and the potential for immunotherapy in HIV-infected subjects 96, 98 . In common with all the studies described earlier, which have identified correlates of protective immunity against HIV disease progression, there is the difficulty in distinguishing cause and effect. However, in mice infected with lymphocytic choriomeningitis virus, in which exhausted CD8 + T cells express PD1, blockade of the PD1-PDL1 pathway restored the ability of the CD8 + T cells to undergo proliferation, secrete cytokines, kill virus-infected cells and decrease viral load 94 . So, there is a rationale to suggest that reducing PD1 expression could similarly improve CD8 + T-cell function and bring about improved control of viraemia in HIV infection.
Can HIV adapt to HLA-associated control? One clear attraction of investigating the HLA class I associations with HIV disease outcomes is that the direction of causality is unequivocal. However, an important question is to what extent these associations will persist or whether the virus over time and/or in different localities, might be able to adapt to HLA alleles that were previously associated with control of HIV infection. This is a question of more than just academic interest as, if HIV is capable of adapting to the immune responses that currently mediate control of viraemia, vaccines inducing these immune responses will not be effective.
Founder effects
Gene mutations that are observed in high frequency in a specific colony owing to their presence in a few members of the original population.
Virus clade
HIV is subdivided, based on degree of sequence divergence, into three major groups, M, N and O; group M is subdivided into 10 subtypes or clades, of which clade C is the predominant subtype worldwide (prevalent in subSaharan Africa and India) and clade B is the most studied subtype (prevalent in North America and eastern europe).
It is well established that HIV shows rapid withinhost adaptation to immune responses including HIV-specific CD8 + T-cell activity, examples of which have been described above. Transmission of viruses with escape mutations has also been documented. Escape mutations in the HLA-B*27-restricted KK10 epitope, which is strongly associated with control of viraemia, abrogates binding of the epitope to the HLA class I molecule 34, 99 . Therefore, transmission of virus encoding the escape mutation to an HLA-B*27-positive recipient would prevent the recipient from making a response to the KK10 epitope, potentially reducing the link between HLA-B*27 and slow progression following HIV infection. A small study of HIV-infected mother-child pairs, in which some children inherited HLA-B*27 from the mother and others inherited it from the father, suggested that this process might have already started 99 . Whether HLA is an important driver of HIV evolution at the population level depends to some extent on the likelihood that such transmitted viral escape mutants will revert to wild-type post-transmission, and also on HLA-independent influences such as founder effects. The relative impact of these forces on the evolution of HIV at the population level remains an unresolved issue (TABLe 2) . Some studies suggest that escape mutations within CD8 + T-cell epitopes can be transmitted relatively frequently and persist in HIV-mismatched recipients, thereby accumulating over time to ultimately represent the most prevalent form of the virus [100] [101] [102] . Indeed, virus-clade-specific differences, which are otherwise largely unexplained, could result at least in part from the impact of HLA differences between populations living in distinct regions of the world. More recent work has emphasized the role of the founder effect in shaping viral evolution 103 . As additional large cohort studies from around the world are characterized with respect to the prevailing viral sequences and HLA types, the relative impact of these forces in shaping the nature of the circulating viral sequences will become clearer. However, it is certainly possible that the HLA class I associations with viral control that are described in the published literature might alter with respect to time and place, and that HIV, far from developing a non-pathogenic coexistence with its human host might, over time, adapt to evade the most effective CD8 + T-cell responses currently directed towards it.
Prospects for a T-cell-based HIV vaccine
The prospects for an HIV vaccine seem dim after the recent failure of a CTL-based vaccine to show efficacy in clinical trials led by Merck & Co., Inc.
2 . Another CTLbased vaccine trial led by researchers at the Vaccine Research Center (VRC), National Institutes of Health, USA, based on priming with a DNA vaccine followed by boosting with a recombinant adenovirus-vector-based vaccine, may proceed in 2008 (see the Vaccine Research Center website). However, it may be argued that neither of these vaccines fully tests the concept that a CTL response induced by a vaccine can control viral replication. Virus-specific differences The Merck vaccine induced an average of only three epitope-specific responses in the vaccinees 104 . Furthermore, despite the initially encouraging results against challenge of SHIV89.6P, a challenge virus that in retrospect has been viewed as inadequate 105 , repeated administration of adenovirus 5 (Ad5) expressing Gag, Pol and Nef failed to control replication of the homologous challenge virus SIVmac239 (D. R. Casimiro, personal communication). The VRC vaccine induces fewer epitope-specific CTL responses than the Merck vaccine did and many of these are directed against epitopes in the Env protein, which is perhaps the most variable of the open reading frames in HIV despite having some conserved regions. So, any challenge virus that the vaccinees might encounter is likely to be different by at least one in three amino acids, or three amino acids in a CTL epitope.
These disappointing Ad5-induced responses in humans are fundamentally different from those induced by Ad5 in macaques for reasons that are as yet unclear. For example, if macaques are vaccinated with Ad5Gag, vaccinated animals make at least five epitope-specific responses (TABLe 3) . By contrast, each Ad5Gag-vaccinated human will make only one epitope-specific response on average. Whether this is related to the fact that most vaccinated humans have previously been exposed to Ad5, thereby inducing an anamnestic CD8 + T-cell response to Ad5 following vaccination, is unknown. This anamnestic Ad5-specific response might 'crowd out' CD8 + T-cell responses against the HIV immunogens in the vaccine. The Ad5-based vaccine is less immunogenic in individuals with Ad5-specific antibody titres of >200, supporting this notion. So, to test the CTL-based vaccine concept, it might be necessary to develop a vaccine that mimics the types of virus-replication-controlling responses seen in humans (or macaques), both in terms of breadth and magnitude. Unfortunately, none of our current vaccines do this.
The challenge to successful HIV vaccine development posed by viral sequence diversity is somewhat distinct from the more technical issue of immunogenicity. The encouraging aspect of studies such as those that show a benefit from targeting multiple Gag epitopes is that the effect is HLA independent. This suggests that individuals receiving a vaccine that can induce broad Gag responses will benefit from it even if they do not express the HLA alleles normally associated with control of viraemia. The sequence conservation of HIV proteins, such as p24 Gag, implies that, if adequate responses can target this region, sequence diversity is to a great extent already addressed: escape mutation will tend to come at a significant cost to the virus, and incoming viral sequence variation in p24 Gag is more likely to be conservative and therefore to be accommodated by epitope cross-recognition.
It seems likely, therefore, that novel approaches to vaccine development will be needed to induce the breadth and nature of CTL responses required to control HIV infection before it can be determined whether a CTLbased vaccine could be successful. Current approaches range from the development of new viral gene delivery vectors that are designed to circumvent the problem of pre-existing vector-specific immunity 106 to new peptide immunotherapeutic strategies that have shown promise in the pigtail macaque-SIV model 107 . However, it is not possible to delineate a clear path forward for an HIV T-cell vaccine, even after more than 25 years of the HIV epidemic. This vaccine will need to induce a sufficiently high magnitude of effective CTL responses against those viral gene products that exhibit limited variability and that have been shown to be the targets of efficacious CD8 + T-cell responses in humans and macaques. 
